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Antisolvents play a significant role in obtaining high-quality perovskite films during the fabrication process. This 
paper reports a novel mixture of two antisolvents (methyl acetate and chloroform) that proves effective for 
fabricating high-quality perovskite films in a high humidity ambient. The results show that the use of methyl 
acetate alone as the antisolvent enables the fabrication of dense perovskite films (MAPDbI3) in a high humidity 
ambient, but with a rough surface, while mixing methyl acetate with an appropriate amount of chloroform 
produces not only dense perovskite films but also smooth surfaces. As a result, the power conversion efficiency 
(PCE) is increased from 17.1% of the devices treated with methyl acetate alone to 18.6% of the devices treated 
with the mixed antisolvent of methyl acetate (70%) and chloroform (30%). The stability of the devices was also 
improved significantly for the devices treated with the mixed antisolvent of methyl acetate (85%) and chloro- 
form (15%), which exhibit a slow degradation of 7% in PCE after 552 h of storage, compared to 22% for the 


devices treated with methyl acetate alone. 


1. Introduction 


The high absorption coefficient, exceptional carrier mobility, high 
dielectric constant, tuneable bandgap, materials abundance and low 
fabrication cost have made Perovskite Solar Cells (PSCs) one of the most 
promising photovoltaic technologies [1-6]. These exceptional proper- 
ties have led to considerable research activities in PSCs, which resulted 
in Power Conversion Efficiency (PCE) enhancement from 3.8% in 2009 
[7] to 24.8% in 2020 [8] and 25.2% in 2021 [9]. Despite the high PCE 
achieved so far, PSCs have suffered from poor stability, which limits 
their commercialisation [10-18]. It has been extensively reported that 
perovskite materials, perovskite layer deposition environment and 
process are the major cause of instability in PSCs [19,20]. 

Antisolvents play a significant role in improving the PCE and sta- 
bility of PSCs. The effectiveness of an antisolvent depends on its vapour 
pressure, water solubility and dipole moment at processing temperature 
[21]. Table 1 shows the relevant physical properties of frequently used 
antisolvents. The high water solubility of methyl acetate and ethyl ac- 
etate has proven effective in protecting MAPbI3/DMSO adduct from 
interacting with moistures and water vapour during spin-coating of the 
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perovskite films, particularly in high humidity environments [21,22]. 
Their high vapour pressure and low boiling point accelerate the evap- 
oration of DMF and water vapour around the films [21]. However, these 
antisolvents have dipole moments comparable to that of DMSO, which 
can fast extract DMSO from the perovskite solution and result in less 
DMSO in the MAPbI3/DMSO adduct. This could lead to a fast nucleation 
process and poor film morphology [23,24]. Additionally, antisolvents 
with high dipole moments reduce the proportion of methylammonium 
iodide (MAI) in the perovskite solution by extracting MAI from the so- 
lution during treatment, leading to low grain compactness [5,25—27], 
reduction in the film thickness and introduction of lead (IV) iodide at the 
film surface [28-30]. On the other hand, the antisolvents such as chlo- 
roform and toluene have low dipole moments relative to DMSO, there- 
fore, they cannot extract DMSO quickly from perovskite solution, 
leaving excess DMSO in MAPbI3/DMSO adduct. This can result in sig- 
nificant rewetting, a slow nucleation process and consequently poor film 
morphology and low grain compactness, especially at high humidity 
[23,24]. This study demonstrates that the control of stoichiometry of 
MAPDbI3/DMSO adduct is vital to ensure the quality of the perovskite 
films, which can be achieved by adjusting the dipole moment (polarity) 
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Table 1 
The relevant physical properties of commonly used antisolvents [31,32]. 
Antisolvent Vapour Water Boiling Dipole 
pressure solubility (%) point (°C) moment 
(mmHg) at at 23°C (D) 
23 °C 
Chlorobenzene 9 0.05 131.00 1.55 
Chloroform 160 0.50 61.15 1.04 
Methyl acetate 173 25.00 56.90 1.71 
Ethyl acetate 73 10.00 77.22 1.78 
Diethyl ether 440 8.00 34.44 1.28 
Propyl acetate 25 2.00 101.67 1.86 
Butyl acetate 10 1.00 125.56 1.87 
Toluene 21 0.07 110.00 0.38 
Trifluorotoluene 39 0.10 103.46 2.86 
2-Butanol 12 16.00 99.44 1.62 
Diisopropyl 119 0.20 69.00 1.30 
ether 


of the antisolvents [24]. Ideally, a suitable antisolvent should exhibit all 
preferred properties for a given fabrication environment. In practice, it 
is very difficult to find a single antisolvent that meets all criteria because 
there are several properties to be considered as shown in Table 1. 
Consequently, mixing two or more antisolvents to obtain the preferred 
properties has been employed as a possible approach [23]. 

A convenient method to adjust the dipole moment of antisolvents is 
by mixing two antisolvents of different dipole moments [23]. This 
approach has been applied to the fabrication of PSCs to achieve 
improved performances [33-36]. The first study on the effect of anti- 
solvent mixing on PSC performance was conducted by Wang et al. in 
2017. They demonstrated that the PCE of 17.8% was obtained for de- 
vices treated with a mixture of chlorobenzene and isopropanol 
compared to 16.1% for devices treated with chlorobenzene alone [33]. 
Yu et al. reported that the devices treated using the mixed chloroform 
and n-hexane exhibited a PCE of 17.1% compared to 15.8% for the 
devices treated with either chloroform or n-hexane [37]. In 2018, Chen 
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et al. reported improved performance for the devices treated with a 
mixture of 2-butanol (Sec-butyl alcohol) and chlorobenzene or a mixture 
of 2-butanol and dimethyl ether antisolvents [23]. Since 2018, several 
other mixtures have been reported to show improved performance, 
including toluene and chlorobenzene [34], dimethyl and dichloroben- 
zene [34], and petroleum ether and ethyl acetate [35]. Although these 
studies contributed immensely to the development of antisolvent mixing 
techniques for PSC fabrication, they were performed in a glovebox of 
exceptionally low humidity (0.1 ppm—1.0 ppm or 0.00001%-0.0001%). 
Very recently, Jung et al. reported a strategy of combining mixed cations 
and mixed antisolvent treatment to fabricate PSCs in ambient air of 
relative humidity >40% and obtained improved stability and PCE of 
20.55% using dibutyl ether and diethyl ether antisolvents [38]. Our 
work here focused on the effect of the mixed antisolvents for fabrication 
in ambient air at higher humidity range (50-55%). The objective of this 
paper is to investigate the influence of mixing methyl acetate with 
chloroform on the efficiency and stability of PSCs fabricated in the air at 
high humidity. The methyl acetate was chosen as the base antisolvent 
for this study because it has high vapour pressure and high-water sol- 
ubility, which are suitable for high humidity fabrication. The chloroform 
was chosen to optimise the dipole moment of the resultant antisolvent 
mixture because of its relatively low dipole moment. The development 
of simple and effective mixed antisolvent process is crucial to low-cost 
and air-fabrication routes for preparing PSCs with enhanced efficiency 
and stability. This study aims to identify the most suitable mixture of 
methyl acetate and chloroform antisolvents for PSC fabrication in high 
humidity air. 


2. Materials and methods 
2.1. Materials 
Fluorine-doped tin oxide (FTO, TEC-15, 15mm x 20 mm) glasses 


were purchased from Pingdingshan Mingshuo Technology Co. Ltd. The 
2,2’,7,7'-Tetrakis (N, N -di-p-methoxyphenylamino)-9,9’- 


b) 


Spiro-OMETAD 
MAPbI3 


Fig. 1. (a) Dimensions of FTO glasses used in this work, (b) The structure of the perovskite solar cell, (c) The photograph of the perovskite film on FTO/SnO2 
substrate, and (d) The photograph of the silver electrodes on the fabricated device. 
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Fig. 2. Images of MAPbIs3 films treated with methyl acetate only and treated using the mixture of methyl acetate with chloroform before and after annealing. The 
films were deposited at 4000 rpm for 30 s and annealed at 110 °C for 15 min under 50-55% RH. 


spirobifluorene (Spiro-OMETAD, 99.8%) was bought from Borun New 
Materials. Lead (II) iodide (PblIz, 99.999%), lithium _ bis(tri- 
fluoromethylsulfonyl)imide (Li-TFSI, 98%), dimethyl sulfoxide (DMSO, 
99.8%) and methyl acetate (MA, 99%) were bought from Alfa Aesar. Tris 
(2-(1H-pyrazol-1-yl)-a4-tert-butylpyridine) cobalt (III) _ tris(bis(tri- 
fluoromethylsulfonyl)imide) (FK209, 98%), Methylammonium iodide 
(MAI, 99%), tin (ID chloride dihydrate (SnClz.2H20, 99.995%) and 4- 
tert-Butylpyridine (TBP, 96%) were procured from Sigma Aldrich. 
Chlorobenzene (CB, 99.6%) and dimethylformamide (DMF, 99.8%) 
were obtained from Across Organics while acetonitrile (99.8%), chlo- 
roform, isopropanol, ethanol, and acetone were sourced from fisher 
scientific. Silver (Ag) target (99.99%, 2-inch diameter x 0.125-inch 
thick) was obtained from Kurt J. Lesker Company Ltd while a 0.45 pm 
hydrophilic nylon filter was procured from Ossila LTD. 


2.2. Precursor solution preparation 


MAPDI3 solution was prepared by dissolving 722 mg of lead iodide 
(PbIz) and 240 mg of methylammonium iodide (MAI) in 1 ml of a solvent 
mixture containing 200 pl of dimethyl sulfoxide (DMSO) and 800 ul of 
dimethylformamide (DMF). The solution was stirred at 300 rpm and 
50 °C for 11 min before being filtered using a 0.45 pm syringe filter. Tin 
(IV) oxide precursor solution was prepared by dissolving 15 mg of tin (II) 
chloride dihydrate (SnClz.2H 0) in 1 ml of ethanol and the solution was 
stirred at 300 RPM and 50 °C for 4 h before being filtered using a 0.45 
yum syringe filter. The hole transport layer (HTL) solution was prepared 
by dissolving 90 mg of 2,2’,7,7'-Tetrakis(N, N -di-p -methox- 
yphenylamino)-9,9’- spirobifluorene (Spiro-OMeTAD) in 1 ml of chlo- 
robenzene and then added with 38 pl of tris(2-(1H-pyrazol-1-yl)-4-tert- 
butylpyridine) cobalt(III) tri[bis(trifluoromethane)sulfonimide] 
(FK209) solution (300 gm/ml in acetonitrile), 36 pl of 4-tert- 
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900 nm 


Fig. 3. SEM images of MAPDbI3 films treated with methyl acetate mixed with (a) 0% chloroform (b) 15% chloroform (c) 30% chloroform and (d) 45% chloroform. The 
films were deposited at 4000 rpm for 30 s and annealed at 110 °C for 15 min under 50-55% RH. 


butylpyridine (BTP) and 22 1 of Lithium bis(trifluoromethanesulfonyl) 
imide (Li-TFSD solution (520 mg/ml in acetonitrile). The solution was 
stirred at 30 °C and 300 rpm for 30 min. 


2.3. Device fabrication 


Hellmanex (III) solution was applied to thoroughly clean FTO glasses 
(20 mm x 15 mm) before the substrates were rinsed three times with 
deionized water. Then, the FTO glasses were successively cleaned in an 
ultrasonic bath at 50 °C for 10 min using deionized water, acetone, and 
isopropanol. Afterwards, the FTO glasses were dried using nitrogen gas 
and then, treated in the ultraviolet (UV)-ozone cleaner for 10 min. SnO2 
layers (electron transport layers, ETL) were prepared by spin coating 90 
pl of SnClz.2H20 solution on FTO glasses at 4000 rpm for 30 s and the 
films were annealed at 180 °C for 60 min. The FTO glasses with the SnO2 
layers were treated for 10 min in a UV-Ozone cleaner. MAPDbI3 layers 
(perovskite layers) were prepared by spin-coating 90 pl of perovskite 
precursor on SnOg2 layers at 4000 rpm for 30 s. The films were then 
treated with 150 pl of antisolvents for 15s, which contain methyl acetate 
mixed with 0%, 15%, 30% and 45% of chloroform, respectively. Dark 
MAPDI3 films were obtained after annealing the films for 15 min at 
110 °C. To ensure excellent film qualities, the MAPbI3 films were 
deposited using the procedures reported in Ref 6. Subsequently, the 
Spiro-OMETAD layers were prepared by spin-coating 90 pl of Spiro- 
OMETAD solution on the MAPDI3 layers at 4000 rpm for 30 s. Up to 
this point, all the films were prepared in the air at a relative humidity of 
50-55%. Finally, the top electrode of 0.15 cm? was deposited on HTL 
using Ag by magnetron sputtering. The sputtering chamber was evacu- 
ated to 10 pTorr and refilled with argon gas before the Ag films depo- 
sition. The sputtering condition was set at 1.0 W, 15.0 standard cubic 
centimetres per minute (sccm), 5.0 mTorr and substrate temperature of 
20 °C for 60 min. 


2.4. Characterisation 


The chemical composition of the films was characterised using an X- 
ray Diffractometer (XRD, Siemens D5000). Ultraviolet—Visible Spectro- 
photometer (UV-VIS, Hitachi U-1900) was used to study the optical 
properties of films. The perovskite film surface morphology was exam- 
ined using an Atomic Force Microscope (AFM, dimension 3100) and 
Field emission Scanning Electron Microscope (FE-SEM, Carl Zeiss 
1540XB system). A solar simulator (Oriel LCS-100, Class ABB) in 
conjunction with an AUTOLAB (Metrohm, PGSTAT302 N) was used for 
J-V measurement at standard test conditions (100 mW/cm?, AM1.5G 
and 25 °C). The AUTOLAB equipped with a FRA32 M module was used 
for impedance spectroscopy measurement (IS) at 1.0 V and 100 mW/ 
cm? illumination. The chemical capacitance of the devices was extracted 
from the IS data using Zsimdemo 3.2 software. A mask was placed above 
the PSC to ensure that the photocurrent is generated from a well-defined 
active area of the PSC. 


3. Results and discussion 
3.1. Properties of MAPbI3 films 


Fig. 1(a) and (b) present the layout of the FTO glass and the structure 
of fabricated devices (FTO/SnO2/MAPDI3/Spiro-OMETAD/Ag), respec- 
tively. Fig. 1(c) shows the fabricated perovskite film and Fig. 1(d) is a 
photograph of the complete device. 

Fig. 2(a) shows the image of MAPDbIs film before the application of 
antisolvent and annealing. Fig. 2(b)-2(e) show the image of MAPbI3 
films after the antisolvent treatment before annealing. The images show 
that the colour of the unannealed films becomes less dark as the pro- 
portion of chloroform increases from 0% to 45%. This suggests that films 
treated with only methyl acetate tend to form the perovskite phase (dark 
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Fig. 4. AFM images of MAPDbI; films treated with methyl acetate mixed with (a) 0% chloroform (b) 15% chloroform (c) 30% chloroform and (d) 45% chloroform. The 
films were deposited at 4000 rpm for 30 s and annealed at 110 °C for 15 min under 50-55% RH. 


brown) directly because more DMSO was removed from the MAPbI3/ 
DMSO. When methyl acetate is mixed with chloroform, the rate of 
DMSO removal was reduced, leading to the formation of an intermediate 
perovskite phase of MAPbI3/DMSO, which becomes more transparent 
[39]. Fig. 2(f)-2(i) present the images of the MAPbI3 films after anti- 
solvent treatment and annealing. All the images appear dark, suggesting 
that they have reasonably good qualities of light absorption [22]. 

Fig. 3(a)-3(d) show the surface morphology of the MAPDI3 films 
examined using FE-SEM for different percentages of chloroform in a 
mixed antisolvent of methyl acetate and chloroform. The SEM images 
show that all the films have reasonable crystallinity, morphology, and 
compactness. Furthermore, a detailed inspection shows that the film 
treated using the mixed antisolvent with 15% chloroform is smoother 
than that without chloroform. This can be attributed to a decrease in the 
dipole moment by mixing methy] acetate with chloroform, leading to a 
reduced rate of DMSO removal from perovskite precursor solution and 
producing the optimum MAPbI3s/DMSO adduct. As the chloroform 
proportion rose from 15% to 30%, the grain size is further increased. 
This is because the dipole moment of the mixed antisolvents was further 
reduced, leaving slightly more DMSO in the MAPbI3/DMSO adduct. This 
slowed slightly the speed of the nucleation process and resulted in larger 
crystals, which are beneficial to improving the power conversion effi- 
ciency. However, the slow nucleation process in the MAPbI3/DMSO 
adduct with excess DMSO may result in pinholes and defects between 
larger grains, which open pathways for moisture penetration and 
degradation in the stability. When the chloroform percentage was 
increased from 30% to 45%, the grain size and surface smoothness were 
degraded. This is because the dipole moment in the mixed antisolvents 
was further reduced, leading to drift from the optimum MAPbI3;/DMSO 
adduct due to excess DMSO and consequently a degradation in the film 
quality [23,24,40]. It can be estimated from SEM images that the 
average grain size is approximately 170 nm, 200 nm, 230 nm and 190 


nm for films treated with methyl acetate mixed with 0%, 15%, 30% and 
45% chloroform, respectively. These results show clearly that the 
perovskite films treated using a mixed antisolvent with the chloroform 
percentage between 15% and 30% appear to produce the best quality in 
terms of surface smoothness, grain size and compactness as shown in 
Fig. 3(b) and (c). 

The morphology of the fabricated MAPDIs3 films was also examined 
using AFM and the results are shown in Fig. 4(a)-4(d) for the films 
treated using the methyl acetate mixed with 0%, 15%, 30% and 45% of 
chloroform, respectively. The AFM images indicate that the films exhibit 
good morphology of typical perovskite films for all films. However, the 
films treated with methyl acetate mixed 15% and 30% of chloroform 
appear to show better quality in terms of surface smoothness and grain 
size compared to the films treated with methyl acetate only or methyl 
acetate with mixed with 45% of chloroform. AFM image analysis using 
WSxM software confirms this observation. As shown in Fig. 5(a), the 
Root-Mean-Square (RMS) roughness is reduced significantly in the films 
treated using the mixed antisolvent with 15% and 30% chloroform. The 
RMS roughness for the films treated with methyl acetate mixed with 0%, 
15%, 30% and 45% of chloroform are 25.60 + 1.78 nm, 14.78 + 1.67 
nm, 13.53 + 0.82 nm and 22.86 + 2.11 nm, respectively. The 
improvement in the film smoothness is likely related to a decrease in the 
dipole moment of the mixed antisolvent as shown in Fig. 5(b), which 
was calculated using the method reported [41-44]. The net dipole 
moment for mixed antisolvent containing methyl acetate mixed with 
0%, 15%, 30% and 45% of chloroform is estimated to be 1.706 D, 1.6061 
D, 1.5062 D and 1.4063 D, respectively. 

Fig. 5(c) and (d) show the XRD data of the FTO/MAPDI3 films taken 
at 0 hand after 384 h of storage, respectively. The results obtained at 0h 
show that MAPDI3 peaks occurred at 20 = 14.1°, 28.4° and 31.8° while 
the FTO peaks appeared at 37.9° and 26.6°, regardless of the addition of 
chloroform or not. These peaks agree with the peaks reported elsewhere 
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Fig. 5. The effect of chloroform in the mixed antisolvent on (a) RMS roughness of MAPbI; films (b) Dipole moment of antisolvent (c) XRD spectra of MAPDbI;3 films at 
0 h and (d) XRD spectra of MAPDbI3 films after 384 h storage. The films were deposited at 4000 rpm for 30 s and annealed at 110 °C for 15 min under 50-55% RH. 


[45]. The peak at 14.02° (110) is the preferred crystal growth direction 
for the MAPbI3 films while the peak at 37.9° is the preferred crystal 
direction for the FTO layer. The XRD measurements show that the ratio 
of the MAPDbI3 peak intensity at 14.02° to the FTO peak intensity at 37.9° 
increases with an increase in the chloroform percentage. Since the peak 
intensity of MAPbI3 films is strongly affected by the thickness of the 
films, the observed increase in the peak intensity suggests that an in- 
crease in the chloroform percentage of the mixed antisolvent results in 
an increase in the thickness of MAPbI3 films. It has been reported that 
the film thickness increases as the amount of MAPbI3/DMSO washed off 
by the antisolvent was reduced due to an increase in the chloroform 
percentage [28-30]. 

In addition, the XRD spectra measured after 384 h (Fig. 5(d)) show 
that the peak intensity at 14.02° (MAPDI3) relative to the peak intensity 
at 37.9° (FTO peak) degraded by about 9% for the films treated with the 
methyl] acetate only, while the degradation is 0%, 0% and 15% for the 
films treated using the mixed antisolvents with 15%, 30% and 45% 
chloroform, respectively. This result indicates that the thickness of the 
MAPDI3 films remains unchanged for the films treated using the mixed 
antisolvents with 15% and 30% chloroform while the thickness of the 
MAPDI3 films was reduced for the films treated by methyl acetate only or 
by the mixed antisolvent with 45% chloroform. It can also be seen from 
Fig. 5(d) that the Pblz phase emerges for all devices after 384 h of 
storage, which is an indication of the decomposition of MAPbI3 due to 
moisture penetration and protonation [46]. Furthermore, a careful in- 
spection of the peak intensity of the PbIz phase reveals that the devices 
treated using the antisolvent with 15% chloroform produced the least 
amount of Pbl2 phase after 384 h, indicating better device stability. 

The MAPDIs3 films were characterised using the UV-VIS technique. 
Fig. 6(a)-6(d) show the measured absorbance spectra and correspond- 
ing Tauc plots at 0 h and after 360 h of storage, respectively. The results 
show that the absorbance of MAPDbI3 films over the wavelength range of 


400 nm-500 nm was increased for the films treated using the mixed 
antisolvent compared to that treated with methyl acetate only. This 
indicates that the light absorption by the MAPbI3 films was also 
improved slightly in addition to the improvement in the surface 
roughness. The UV-VIS measurements after 360 h show that the absor- 
bance of the films treated with the mixed antisolvent remains higher 
than those treated with only methyl acetate. Comparing the absorbance 
data obtained at 0 h and after 360 h, the average absorbance of the films 
treated using only the methyl] acetate degraded by about 5%, while it is 
0%, 2% and 2% for the films treated with the mixed antisolvent of 15%, 
30% and 45% of chloroform, respectively. The films treated with methyl 
acetate mixed with 15% of chloroform suffered the least degradation as 
the films have improved grain compactness as indicated by the SEM 
image in Fig. 3(b). It is anticipated that the improvement in the grain 
compactness of the MAPDI3 will be beneficial to improving the stability 
and efficiency of the PSC. 

The Tauc plots derived from the measured absorbance show that the 
energy bandgap (Eg) is about 1.59 eV for all MAPDI3 films investigated, 
indicating that mixing chloroform with methyl acetate has a negligible 
effect on the Eg of the MAPDIs films. 


3.2. Photovoltaic performances 


Fig. 7(a) presents the current density-voltage (J-V) curves of the best 
devices treated using the mixed antisolvent of different chloroform 
percentages. The key electrical parameters for these devices, together 
with the average values of all devices in a batch are listed in Table 2. The 
results show that the average Jsc, FF and PCE of the devices increase 
slightly with increasing the chloroform percentage from 0% to 30%. An 
increase in Js. is due to the improved photon absorption (Fig. 6(a)). An 
increase in the fill factor (FF) indicates an improved carrier extraction, 
which is supported by EIS measurement. Fig. 7(b) shows the chemical 
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Fig. 6. The optical properties of the MAPbI3; films treated by the mixed antisolvents with different percentages of chloroform (CF). (a) the absorbance of MAPbI3 
films after 0 h, (b) Tauc plots of MAPbI3 films after 0 h, (c) absorbance of MAPDIs films after 360 h, and (d) Tauc plots of MAPDIs3 films after 360 h. The films were 
deposited at 4000 rpm for 30 s and annealed at 110 °C for 15 min under 50-55% RH. 
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Fig. 7. (a) J-V curves of the devices and (b) Chemical capacitance of the devices as a function of chloroform percentage. The films were deposited at 4000 rpm for 30 
s, annealed at 110 °C for 15 min and the devices were fabricated under 50-55% RH. 


capacitance as a function of the chloroform percentage of the mixed 
antisolvent. It has been established that the chemical capacitance 
derived from EIS measurement is proportional to the carrier density of 
PSCs [6,47—49]. The results show that the chemical capacitance reaches 
a peak at 30% of chloroform, indicating that the best charge extraction 
was obtained using a mixed antisolvent with 30% of chloroform. When 
the chloroform percentage is increased to 45%, a decrease in the 
chemical capacitance implies a less effective charge carrier extraction. 
Consequently, the Jsc, FF, and PCE are reduced. Although the devices 
treated with 15% of chloroform exhibit similar surface smoothness to 
those treated with 30% of chloroform, their PCE is slightly lower than 
those treated with 30% of chloroform. This is probably because the 


devices treated with 30% chloroform have slightly larger grains. 


3.3. Device stability 


The effect of the mixed antisolvent on the stability of the solar cells 
was also investigated. The J-V characteristics of the devices were ob- 
tained after 0, 216, 360 and 552 h of storage in a desiccator. The Voc, Jsc, 
FF and PCE of the devices were determined from the measured J-V 
characteristics and the results are shown in Fig. 8(a)—8(d). It can be seen 
from Fig. 8(a) that the Voc are remarkably similar and remains virtually 
unchanged after 552 h for all devices treated with different percentages 
of chloroform. On the other hand, the Js. shows a general trend of 
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Table 2 

Electrical parameters of the perovskite solar cells treated by the mixed methyl 
acetate-chloroform antisolvent of different chloroform percentages (the rows 
denoted “Best” represent the data obtained from the best solar cells of the batch; 
the rows denoted “Av” represent the average of all cells in a batch). 


CF Voe Ie R, R,(kQ) FF (%) = PCE 
Proportion (V) (mA/ (Q) (%) 
(%) cm?) 
0 Best 1.10 23.49 57 13.9 66.08 17.13 
Av. 1.09 21.99 64.72 15.48 
1.02 41.37. + 0.92 
0.02 
15 Best 1.08 23.62 57 19.5 67.70 17.34 
AV. 1.09 22.66 65.92 16.21 
ae +1.10 + 3.38 +£1.15 
0.02 
30 Best 1.10 23.26 42 20.0 72.76 18.55 
Av. 1.09 22.70 69.59 17.16 
0.93 + 2.05 + 0.94 
0.02 
45 Best 1.09 23.27 55 13.0 69.66 17.59 
AV. 1.09 22.33 68.20 16.55 
1.36 e177 + 1.06 
0.01 


decrease with time for all devices. However, the degradation in the 
devices treated with the mixed antisolvent is less significant than the 
degradation in the device treated with the methyl acetate only. The Js: of 
the devices treated with only methyl acetate degraded by about 10% 
after 552 h, while they are 3%, 6% and 4% for the devices treated with 
the mixed antisolvent of 15%, 30% and 45% of chloroform, respectively. 

Fig. 8 (c) shows that the fill factor (FF) exhibits the least degradation 
of 3% for the device treated using the mixed antisolvent with 15% 
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chloroform compared to degradation of 13% for the devices treated with 
methyl acetate alone. The devices treated using the mixed antisolvents 
with 30% and 45% chloroform show degradation of 10% and 14%, 
respectively. Fig. 8(d) shows that the devices treated with methyl ace- 
tate only have the worst stability in terms of the PCE, which degraded by 
about 22%, compared to only 7% for the devices treated using the mixed 
antisolvent with 15% chloroform after 552 h. The results also show that 
the PCE of the devices treated using the mixed antisolvent with 30% and 
45% of chloroform degraded by 15% and 17%, respectively. These re- 
sults show clearly that all the devices treated using the mixed antisolvent 
of different percentages of chloroform show a reasonable degree of 
stability improvement. Among them, the mixed antisolvent with 15% 
chloroform exhibits the most significant improvement. The results 
demonstrate a clear correlation between the stability and surface 
smoothness and the degradation is associated with the decomposition of 
MAPDI3 films, which can be mitigated by antisolvent treatment using 
appropriate mixtures. It is interesting to note that the J,., FF and PCE of 
some devices are increased slightly after a period of 150 h of storage 
before starting to decrease with further increase in storage time. This is 
likely due to an increase in the conductivity of HTL because of the 
further oxidation of the Spiro-OMETAD films during storage period 
[50]. This trend has also been reported in Refs. [13,51,52]. 


4. Conclusion 


A new mixed antisolvent, consisting of methyl acetate and chloro- 
form, was developed for the fabrication of high-quality perovskite films 
in high humidity (>50%) ambient. The methyl acetate was chosen 
because of its high-water solubility that facilitates the extraction of DMF 
in a high humidity environment. The chloroform was chosen because of 
its relatively low dipole moment that enables adjustment of the dipole 
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Fig. 8. (a) Open-circuit voltage (V,,), (b) short current density (J,.), (c) fill factor (FF), and (d) power conversion efficiency (PCE) as a function of storage duration for 
the devices treated with different percentages of chloroform in the mixed antisolvent. 
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moment of the mixed antisolvent when it is mixed with methyl acetate. 
The results show that the surface roughness of the perovskite films was 
significantly improved using a mixed antisolvent of methyl acetate and 
chloroform with an appropriate percentage. As a result, the efficiency 
and stability of the perovskite solar cells can be improved for these 
fabricated in high humidity ambient and treated using this new mixed 
antisolvent. The devices treated with methyl acetate mixed with 30% 
chloroform exhibit the best PCE of 18.55% compared to 17.13% for the 
devices treated with methyl acetate only. In addition, slow degradation 
of only 7% in the PCE after 552 h of storage was observed in the devices 
treated with the methyl acetate mixed with 15% chloroform, compared 
to 22% for the devices treated with methyl acetate only. Although the 
best improvement for the efficiency and stability corresponds to 
different percentages of chloroform addition, both the efficiency and 
stability are increased compared to the films treated with only one 
antisolvent. These results demonstrate the usefulness and benefits of this 
new mixed antisolvent for the fabrication of high-quality perovskite 
films in high humidity ambient. Compared to the methods of employing 
an additional passivation layer, this mixed antisolvent process provides 
a simple and low-cost manufacturing route towards the improvement of 
both stability and efficiency. 
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